Knowledge of the biochemical reactions in which a compound participates may be useful in elucidating the effect of the compound on biological processes. In an attempt to describe such reactions for methylphenidate (MP; phenyl-piperidyl-2-acetic acid methyl ester), an antidepressant drug, its capacity to inhibit glycolysis in yeast cells has been studied in more detail. In both animals and humans, the drug causes marked psychomotor stimulation (5) , antagonizes the sedative effect of various other drugs, and has been used as an analeptic (7) . MP has been reported to decrease the cholesterol content of the mouse brain (8) , but apparently little is known of its influence on cells or of the reactions in which it participates.
We describe an inhibition of sugar passage into the yeast cell, which evidently was caused by the influence of MP on the cell membrane. Although such an effect can account for the inhibition of glycolysis, additional studies are needed to specify the chemical nature of the sites affected and details of the functional disturbances. Such knowledge may contribute to an understanding of the structure and function of cell membranes, as well as to a clarification of the mode of action of MP. 1 Present address: Department of Biophysics, Roswell Park Memorial Institute, Buffalo, N.Y. 14203.
MATERIALS AND METHODS
Organism and hiandlintg. Yeast cells (Saccharomyces cerevisiae) were grown as described previously (10) , except that temperature was adjusted to 28.5 C. For most measurements, the cells were harvested during exponential growth at a count of 2 X 107/ml and washed twice by centrifugation with distilled water before experimental use (11) .
Extract preparation. Cell extracts were prepared by shaking the cells with glass beads in a Braun homogenizer for 1.5 min at 0 to 4 C (15 ml of awater suspension of approximately 108 cells per ml was added to an approximate 30-ml volume of chilled beads). The supernatant fluid was decanted from the beads, centrifuged at 0 C for 5 min at 3,000 X g to remove debris, and then centrifuged for an additional 15 min at 0 C and 35,000 X g. This extract was kept ice-cold and used immediately. Protein was determined by the method of Lowry et al. (9) .
Warburg measurements. C02 production with N2 as the gas phase, and 02 uptake with air as the gas phase, were measured at 30 C by standard Warburg procedures (12) . MP was added from the side arm with substrate, except where noted otherwise. Flasks contained approximately 0.5 mg (dry weight) of cells. This was closely adhered to (0.5 4 0.04 mg, 95% confidence internal) during the measurements involving substrate versus MP concentrations. The pH values were checked after all gas-exchange measurements to insure that specified values were maintained. In these experiments, a 10 mm concentration of MP The inhibition of glycolysis and respiration indicated that an inhibition of cell growth should be observable also. However, the number of cells in growing yeast cultures was decreased by less than 10%, as compared to control cultures, after the addition of 10 mm MP, and growth resumed its normal rate after a period of only 30 to 60 min. This unexpected response is explained by the data in Table 1 , which show that inhibition of CO2 production by MP was much less at pH levels below 7.0. Thus, in growth medium with a pH of about 5.6, the MP effect was small. Ultraviolet absorption spectra for MP showed no apparent differences at pH 4.5 as compared to pH 7, indicating by this criterion that a structural change in MP did not account for a change in the cell response as the pH changed.
The effect which the pH of the suspension had on inhibition suggested that MP may have been acting at the cell surface, perhaps to affect sugar passage. If sugar transport was being affected, conceivably the enzymes of glycolysis would be unaffected. In agreement with this supposition, Table 2 shows that 10 mm MP, which effectively inhibited output by intact cells, had no effect upon CO2 production by cell extracts, although 100 Fig. 4 is metabolized by these cells. Thus, these data provide a direct demonstration of an effect by MP upon sugar passage.
Moreover, MP reduced the entry of glycerol and glycine into the cells (Fig. 4) On the basis of these observations, interference with the exit of sugars from these cells would be expected. The typical curves of Fig. 5 show a reduction in sorbose efflux and some reduction in arabinose efflux by 10 mm MP. Lactose efflux was not reduced initially by 10 mm MP, but it was reduced after 40 min, and it was reduced by 30 mm MP. DIsCUSSION Clearly, MP affected the passage of a number of different compounds into and out of yeast cells. Membrane injury in the sense of increased porosity or leakage did not occur. However, inhibition of sorbose entry, relief of the inhibition at a lower pH, and the similar effect of a lowered pH on the inhibition of CO2 production suggest a primary reaction at the cell surface. Because energy is not required for sorbose transport, an inhibition by MP and an effect by pH upon the inhibition presumably would involve those surface structures concerned with sorbose entry, and not the movement of MP into the cell or internal metabolic processes. The possibility has not been eliminated that MP also affects other cell reactions. Perhaps additional complexities exist in the entry of nonmetabolized sugars. However, it seems justifiable to hypothesize that MP reacts with a constituent or constituents of the cell membrane or wall and thus interferes with the passage of materials into and out of the cell. Such an action is consistent with the rather high molar concentrations of MP that are effective.
Although a reaction at the cell surface could involve the cell wall, a reaction with the wall that could block the passage of sugars seems improbable when we consider that the yeast wall, although more dense than many bacterial cell walls, generally is permeable to molecules much larger than these sugars (4) . Rather, differences in the degree of inhibition for different compounds indicate a specificity of somne type which more likely would involve a selective structure, such as the membrane. For example, MP inhibited transport of glucose and mannitol to the greatest extent, sorbose to a lesser degree, and arabinose least of all. Transport of these sugars in yeast has been described as a facilitated diffusion involving a common carrier (2) , and mannitol competes (1) , and mercuric compounds (13) , which react with membrane sulfhydryl groups (glutathione was ineffective in preventing or reversing the MP effect). Studies with other structural models (i.e., chemically modified MP) could provide evidence for such hydrophobic interactions.
Passage or utilization of lactose and maltose, molecules larger than the hexoses, was effectively inhibited; interference with the passage of glycerol and glycine, smaller molecules, was less. These various molecules enter the cell by different systems (2) . When entry occurs by simple diffusion, it is reasonable that molecular size would directly determine the degree of inhibition; however, in other cases, factors of size and specificity could be combined. Thus, arabinose, which was inhibited less in entry than the hexoses, is a five-carbon rather than a six-carbon sugar, and sorbose may exist partly as a molecular aggregate (6) and thus enter less readily. The exit data agree with the entry data, although lack of an initial inhibition of lactose efflux with 10 mm MP reveals a further complexity in the cell response to MP. Because lactose normally leaves the cells at a slow rate, similar to that of the second phase of sorbose and arabinose exit, it might be considered that an initial efflux at this rate remained unaffected, whereas entry, because of a higher rate and an external orientation of bound MP, was inhibited. Comparisons with mannitol, glycerol, and glycine were not made because efflux of these compounds is slower than that of lactose, mannitol apparently being bound within the cell (unpublished data).
